Introduction The purpose of this study was to prospectively evaluate the 5-13-year results of a cementless total hip arthroplasty with a special focus on the survivorship, occurrence of osteolysis, incidence of intraoperative femoral fractures, thigh pain, and cortical hypertrophy of the femoral stem. The femoral component used in this study was titanium Xuted, slotted, symmetrical component that was prepared with intraoperative machining. The proximal third of the stem had hydroxyl-apatite coating and horizontal steps. Methods The clinical and radiographical results of a consecutive series of 157 total hip arthroplasties (124 patients) with this stem were investigated. Minimum follow-up was 5 years. The average age of the patients at the time of surgery was 47 years. Three patients died and ten patients were lost to follow-up, leaving 142 hips for evaluation. The clinical result was evaluated on the basis of the Merle d'Aubigné score, complications and thigh pain. A detailed radiographic analysis was performed at each follow-up visit. Kaplan-Meier survivorship analysis was performed to evaluate stem, cup, and bearing survivorship. Results The mean follow-up was 8.5 years (range 5-13 years). The average Merle d'Aubigné score improved from 10.5 points preoperatively to 17.4 points postoperatively. The cumulative 10-year survival rate was 99% for the femoral component, 99% for the acetabular component, and 69% for the bearing. Thigh pain was identiWed in three patients (2%). There was no distal femoral osteolysis. Seventy-nine percent of all the hips had endosteal spot welds around the coated, proximal one-third of the prosthesis. 51% had radiodense lines around the distal tip of the prosthesis, and 3% had cortical hypertrophy. One undersized stem and one cup were revised for aseptic loosening, and 25 bearings were exchanged. Conclusions Uncemented, machined, Xuted titanium canal-Wlling femoral components achieve reliable Wxation in this young patient population. They have a decreased incidence of activity-related thigh pain, lower rate of intraoperative femur fractures and cortical hypertrophy with comparable bone-ingrowth in comparison to other secondgeneration uncemented femoral components described in literature. Bearing wear and the need for bearing exchange was the only limitation of these constructs.
femoral components were designed to decrease failure rates due to aseptic loosening, which were found to be the most common long-term complication of cemented stems [2, 24] . However, Wrst generation of cementless femoral components fell short of expectations because they were associated with intraoperative femoral fractures, high incidence of postoperative thigh pain, stress shielding, subsidence, early loosening, and endosteolysis [4-6, 11, 14, 15, 21, 29, 32, 37, 47] .
Based on these early experiences, an intraoperatively machined, proximally load bearing, coronally slotted, hydroxyl-apatite (HA)-coated titanium stem with horizontal metaphyseal steps was developed to address these problems. The HA coating is covering the stepped surface of the proximal sleeve. The combination of coating and textured surface is engineered to provide optimized Wt and to enhance more natural compressive load bearing.
Preliminary results of an initial series of the Wrst 64 operations with this stem were published in a previous report [40] . In contrast to other reports of so-called 'second-generation' stems impacted with a broach-only technique, no intraoperative femur fractures occurred. No cases of activity-related thigh pain were observed at 1 year, and all stems osseointegrated fully without signs of osteolysis in the distal part of the stem.
The purpose of this prospective study was to assess 10-year implant survival rates, clinical outcomes, and radiographic results in a consecutive series of patients treated with this second-generation stem. First, we hypothesized that the new design of the stem leads to a higher long-term survival rate in comparison to Wrst-generation stems and to a comparable survivorship with other second-generation stems. The second hypothesis was that this particular stem has a decreased incidence of activity-related thigh pain, lower rate of intraoperative femur fractures and cortical hypertrophy with comparable bone-ingrowth in comparison to other second-generation uncemented femoral components described in the literature.
Materials and methods

Patient demographics
We prospectively followed 157 consecutive primary total hip arthroplasties with a second-generation cementless stem in 124 patients with a special focus on intraoperative complications, long-term clinical outcome with survivorship, and radiographic analysis. The results were compared with the results of other Wrst-and second-generation cementless femoral components described in literature.
All procedures were performed by the senior author (SBM) between July 1992 and October 1999. The study group included 59 men and 65 women. The average age (and SD) of the patients at the time of surgery was 46.9 § 10.5 years (range 22.9-70.1). The mean height was 170 § 9 cm (range 145-195), the mean weight was 82 § 20 kg (range , and the mean body mass index was 27.9 § 5.5 kg m ¡2 (range 18.3-41.2). Eighty-three right hips and 74 left hips were involved. The preoperative diagnoses were typical for this age range (Table 1) . Thirtyeight of the 157 hips (24%) had previous surgery (Table 2) .
Operative technique
Total hip arthroplasty was performed through a modiWed direct lateral approach in 150 hips (95.5%), through a trochanteric slide exposure in 6 hips (3.8%) and through a vastus slide exposure in 1 patient (0.6%). The modiWed direct lateral approach is basically a classical transgluteal approach in lateral decubitus position. The modiWcation consisted of the elevation of an additional thin bony wafer of the anterior part of the greater trochanter. The trochanteric slide exposure consists of a trochanteric osteotomy where the vastus lateralis fascia distally and the Mm. gluteus medius and minimus proximally are connected to the [40] . The stem is a further development of the S-ROM concept. It is prepared using a cylindrical diaphyseal reamer, a conical metaphyseal reamer, an angled drill for preparation of the calcar region, and a Wnal broach.
The acetabular component consisted of a spherical titanium shell with porous coating of two manufacturers (Duraloc, DePuy, A J&J Company, Warsaw, IN, USA). 143 acetabular components had no screw holes (100 series), 11 had up to 3 screw holes (6 Bantam series, 5 Sector series), and 3 had 8-12 screw holes (1200 series). A polyethylene (PE) bearing surface was used for all hips. Early in the series, a Hylamer PE liner was used in 36 hips prior to December 1994; thereafter, an Enduron PE was implanted in 103. Beginning in December 1998, a highly cross-linked PE Marathon liner was implanted in 18 hips. Seventy-one hips had a Zirconia ceramic femoral head, 57 had an Alumina ceramic femoral head and 29 hips a cobalt-chrome femoral head. Implant information is summarized in Table 3 .
Follow-up evaluation
Three patients (3 hips, 2%) had died from unrelated causes 2.1, 2.5 and 5.3 years postoperatively. Ten patients (12 hips, 8%) were lost to follow-up. Thus, the status of 142 of the original 157 hips (111 patients, 90%) was known at the last follow-up examination. The mean duration of followup was 8.5 years (range 5-13 years). Ninety-Wve patients (124 hips, 87%) were evaluated both clinically and radiographically. The remaining 16 patients (18 hips) were unable to return for a clinical evaluation for reasons not related to the result of the arthroplasty, and they were evaluated on the basis of a telephone interview only. In this interview, patients were asked predeWned questions from a questionnaire described later to asses their hip function.
Patients were assessed preoperatively; at 6 and 12 weeks; and annually thereafter, if possible. The minimal follow-up was set at 5 years. At each visit, patients were asked to Wll out a standardized and validated hip questionnaire [25, 28] including information about severity and location of pain, especially emphasizing occurrence of thigh pain, and their functional status. All the patients were clinically examined by the operating surgeon. Those who were unable to return were interviewed by telephone and asked to have radiographs taken locally and then sent to us. Members of the families of the patients who had died were interviewed to determine the function of the hip at the time of death. Clinical outcome was rated according to the Merle d'Aubigné Score [38] . Clinical results were then classiWed as excellent (18 points), very good (17 points), good (16 points), fair (15 points), and poor (14 points or less). All complications related to the hip arthroplasty were reported and divided into three categories (intraoperative, perioperative, and postoperative).
Radiographic evaluation
Serial anteroposterior, lateral, and false proWle radiographs of the pelvis were analyzed by a second independent observer (MT) who was blinded to the clinical outcome of the corresponding patients. Prosthetic component orientation was measured with the use of a caliper for which a mean reliability and reproducibility of <1° for the acetabular component and could be found [26] . Because cup version cannot be reliably measured on anteroposterior pelvic radiographs, only cup abduction was measured with the inter teardrop line as a horizontal reference [45] . Stem position (varus, valgus, or neutral alignment) was established as the angle formed by the intersection of a line drawn through the longitudinal axis of the proximal part of the femoral canal and a line drawn through the longitudinal axis of the stem [34] . The locations of the radiographic Wndings of the femur were recorded using of the Gruen zones ( Fig. 1 ) and of the acetabulum using the DeLee and Charnley zones [12, 18] . The following standard set of radiographic parameters was assessed: femoral cancellous densiWcation (so-called endosteal spots) was identiWed by a qualitative increase in bone density anywhere between the implant and the femoral cortex [15] . Radiodense lines were indicated by a thin radiopaque layer of bone seen parallel, and in close proximity to the implant and covering at least 50% of the zone length [8] . Cortical hypertrophy was deWned as an increase in the outer diameter of the cortex [23, 34] . Radiolucency was deWned as a radiolucent zone anywhere around the implant at least 2-mm-wide, and covering at least 30% of any zone [23] . Calcar re-modeling was classiWed as hypertrophy if there was a densiWcation of the proximal femoral osteotomy side and as atrophy if there was a visible loss of trabecular bone density [22] . Heterotopic ossiWcations were graded with the Brooker classiWcation [7] . Vertical subsidence was deWned as a minimum 5 mm change of the distance from the superolateral edge of the stem to the tip of the greater trochanter between the immediately postoperative and the latest anteroposterior radiograph [44] . Osteolysis was deWned as bone resorption, with a visible loss of trabecular bone density or cortical thinning. Peritrochanteric osteolysis was deWned as osteolysis in the greater trochanteric region cranial to zone 1. Retroacetabular osteolysis was judged on the false proWle view. Because it could be shown that the radiographic interpretation of femoral components can be made with substantial reliability and reproducibility [31] , no such analysis was performed.
Statistical analysis
Kaplan-Meier survivorship analysis was performed to determine the cumulative survival rate for the each component with revision for each component as the end point [27] . Normal distribution was determined with the Kolmogorov-Smirnov test. Paired and unpaired student's t tests were used for comparison of normally distributed data. The Wilcoxon rank sum and the Mann-Whitney U tests were used when comparing paired and non-paired data without normal distribution. To assess associations between categorical variables, Fisher's exact test was performed. SigniWcance was deWned as a p value of <0.05.
Results
Clinical evaluation
Merle d'Aubigné score of the 115 non-revised hips improved from 10.5 preoperatively (range 5-14) to 17.4 (range 12-18) at the 5-12-year follow-up (Table 4 , p < 0.0001). Among the seven patients with a poor result, three patients had persistent pain (one of them with Grade 3 heterotopic ossiWcation), one patient had deWcit in the range of motion and three other patients needed walking support at the time of latest follow-up.
Four of the 137 non-stem-revised hips (2.9%) were related with thigh pain. Two patients had mild thigh pain that occurred predominantly with prolonged activity and which required medication occasionally. One patient had moderate and another severe pain that occurred with all activities and required regular pain medication. None of these three patients had clinical or radiographic signs of stem loosening. We did not observe a speciWc time-dependent pattern for the occurrence of thigh pain.
Complications
Among the eight major complications (Table 5) , there were one intraoperative, two perioperative, and Wve postoperative complications without a case of intraoperative femur fracture, deep infection, nerve palsy, or diagnosis of deep venous thrombosis. One of the postoperative dislocations occurred 4.7 years postoperatively and underwent closed reduction without further intervention. The other patient with postoperative dislocation, who had postoperatively lost 45 kg of weight after gastric bypass, sustained four dislocations beginning 35 months after surgery. This patient Fig. 1 The radiographic zones for the investigated stem according to Gruen are shown [18] required revision with a lipped liner 4.1 years after initial surgery and had remained stable. Among the two patients with postoperative greater trochanteric fractures, one occurred in the postoperative rehabilitation requiring internal Wxation 3 weeks after the initial surgery. The second was an incomplete fracture of the greater trochanter after fall 1.9 years postoperatively and was successfully treated conservatively. One patient had a periprosthetic diaphyseal fracture after trauma 9.2 years after THA and underwent internal Wxation. The fracture healed uneventfully without revision of the femoral component.
Radiographic results
A characteristic pattern of bone-ingrowth of the femoral component was seen (Tables 6, 7) ; with 107 of the hips (86%) having endosteal spot welds in Gruen zones 1, 7, or 8. These circumscribed areas of stress transfer are typically located at the junction between the conical and the straight portion of the femoral component. Sixtythree hips (51%) had radiodense lines around the distal tip of the prosthesis (zones 3-5 or 10-12). There was no endosteolysis in any of the diaphyseal zones (zones 2-6, or zones 9-13). Radiolucent lines in zone 1 were only located around the stem shoulder and did not continue to the distal part of this zone. Cups with one single dome hole demonstrated lysis only in zone II. The incidence of femoral cortical hypertrophy was 6% (8 hips). Five of the eight patients had previous femoral osteotomies with preexisting hypertrophic changes. Two femurs with correct alignment showed isolated hypertrophy in zones 5 and 2, respectively. One femur in varus orientation showed isolated hypertrophy in zone 5.
Revisions
There were 1 stem revision, 1 metal shell revision and 25 exchanges of the PE bearing. The bearing exchanges (15 Hylamer, 10 Enduron PE liners) were performed for polyethylene wear associated with progressive retroacetabular or peritrochanteric osteolysis. The number of bearing exchanges was signiWcantly higher for the Hylamer PE liners (Table 8) . One hip had a combined revision of the liner and the loosened metal shell. This hip had a broken locking mechanism and part of the broken locking ring migrated into the articulation. There was resulting wear and the cup was found to be loose at surgery. Mean time to revision was 7.9 § 2.3 years (range 2.2-12.5). In all, 25 hips that had a revision of the acetabular component (polyethylene liner and metal shell), the stem was clinically, radiographically and intraoperatively fully stable. Revision of the polyethylene liner was correlated with increased head diameter, but not with younger age, abduction outliers, sex, side, height, weight, body mass index, stem alignment, cup diameter, or previous operations (Table 8) .
One patient had an undersized femoral component that failed to osseointegrate. He had a painless Wbrous interface, which became painful more than 2 years after the surgery and was revised 3.1 years postoperatively. 
Survivorship
With the revision of the each component as the end point, the cumulative survival rate was 99% for the stem (95% conWdence interval, 98-100%), 99% for the metal shell (97-100%), and 69% for the liner (57-82.0%) at 10 years (Fig. 2) .
Discussion
To our knowledge, this is the Wrst report on the intermediate to long-term results of this speciWc intraoperatively machined second-generation femoral component which had been designed to address the speciWc problems of Wrstgeneration cementless femoral implants. As we Wrst hypothesized in the introduction, the cumulative 10-year survivorship of the investigated femoral component exceeds the results of Wrst-generation stems and compares favorably to the survivorship of other second-generation stems (Table 9 ). In addition, our results support the second 
Radiodense lines 0 (0) 10 (8) 8 (6) 32 (26) 10 (8) 18 (14) 1 (1) 4 (3) 7 (6) 18 (14) 47 (38) 19 (15) 6 (5) 5 (4) Endosteal spots 87 (70) 5 (4) 0 (0) 1 (1) 0 (0) 4 (3) 77 (62) 54 (43) 2 (2) hypothesis that states that the speciWc features of the described stem leads to an absence of intraoperative femoral fractures, a lower incidence of activity-related thigh pain and femoral hypertrophy in comparison to other secondgeneration stems ( Table 9 ). The disadvantages of this second-generation hip prosthesis are the necessity of the additional machining of the metaphysis in comparison to the broaching-only technique. This requires further technical skills for the surgeon that can lead to an increased operation time.
There are several limitations to our study. All the patients have been clinically evaluated by the operating surgeon. This might have positively biased the results. However, important parameters assessed in this study such as the severity and location of pain (particulary thigh pain) were obtained directly from the patients' questionnaires. These were completed in the absence of the evaluating surgeon; also, the radiographic analysis was done by another observer independent from the surgeon which should minimize bias. Another weakness of this study is the mixture of acetabular shells, polyethylene liners, and femoral heads. The original study protocol did not include particular exclusion criteria concerning this. Therefore, the investigated stem was combined with diVerent types of polyethylene bearings and/or femoral head materials according to the latest technical advancements in this area. Unexpectedly, a high rate of bearing exchanges due to accelerate wear was found for Hylamer PE. One reason for this might be that those patients had a higher follow-up. Therefore, this Wnding is not particularly signiWcant. Nevertheless, after recognition of this fact, the utilization of this type of PE was abandoned. From a theoretical point of view, the higher rate of wear could have negatively inXuenced the outcome of the investigated stem. However, no such diVerence could be observed in this series. The fact that this femoral component shows very reliable results despite being used with diVerent bearing components rather reXects the quality of the investigated stem and does not jeopardize the results of our study. The stem survives with stability and can potentially serve as a barrier to PE debris and subsequent osteolysis (Fig. 3) .
Our study documents that Xuted titanium canal-Wlling femoral components routinely osseointegrate and can remain well Wxed, even in a young patient population. Despite the signiWcant wear of the retrieved polyethylene liners, none of the femoral components experienced distal osteolysis, suggesting that a circumferential seal between the implant and the femur might inhibit particulate debris migration (Table 6 ). This corresponds well with the longterm results of other proximally coated cementless stems (Table 9 ) and supports the conclusion that extensively coated femoral components are not necessary to achieve Wxation or inhibit debris migration [3, 29, 33, 36, 40] .
There are some technical diVerences between the investigated stem and the similar S-ROM design. The S-ROM stem is very smooth distally, polished really, and the tip of the stem is quite square, leading to more localized stress transfer at the tip. The evaluated stem has a chemically milled surface that facilitates osseointegration over a longer distance. Even if there is a proximal loading, there is osseointegration along the whole prosthesis. In addition, the stem tip of the investigated design is more bullet-shaped and this Fig. 3 The anteroposterior (a), lateral (b) and false proWle (c) radiographs of 68-year-old patient 8 years after primary total hip prosthesis are shown. Although excessive polyethylene wear is visible, there is no evidence of osteolysis around the femoral or the acetabular component tapered design leads to a better distribution of the stress transfer at the tip of the prosthesis. Besides, the slightly diVerent deWnition of osseous hypertrophy and the older patient population for the S-ROM stem [9] , this might explain the higher incidence of cortical hypertrophy and calcar rounding for the S-ROM prosthesis [9] (Table 9) . Other parameters, such as thigh pain, the rate of intraoperative femur fractures and subsidence did not diVer substantially ( Table 9 ).
The one stem and one cup failure were clearly due to technical reasons. The one stem that failed to osseointegrate was undersized. The one cup that loosened occurred in association with a failed locking mechanism, hardware migrating to the articulation, and associated accelerated wear.
Being aware that other factors can inXuence the longterm survivorship in THA, the femoral stem evaluated in this study appears to oVer a balance of proximal stability and reduction in distal bending stiVness which can be illustrated radiographically. Proximal stability could be visualized by the increase in bone density in the proximal Gruen zones (1, 7, 8, or 14) in 80% of all the cases as a sign for osseointegration. The distal radiodense lines around the tip of the prosthesis may be attributed to Xexibility of the distal part of the prosthesis mainly due to the low modulus of elasticity of the titanium alloy and the coronal slot. Theoretically, a coronal slot should reduce the stem stiVness particularly with hip Xexion which is conWrmed by the fact that reactive radiodense lines were predominantly found on the lateral radiograph.
The 10-year cumulative survival rate compares favorably with the reports of so-called second-generation cementless femoral components in literature which rates from 97 to 100% [3, 29, 33, 36] . However, when comparing with these studies, the current study presents some additional Wndings. First, the absence of intraoperative femoral fractures in the present series is notable and may relate to careful preparation of the calcar region with the described intraoperative machining technique, eliminating the need for high-impact during preparation of the femur. In contrast, intraoperative femoral fractures associated with the broaching-only techniques were seen in up to 8% of recently published studies on cementless THA (Table 9) . Second, the incidence of thigh pain of 2% is very low which may be explained by the combination of the slotted design in combination with titanium alloy. In other series with non-slotted stems, thigh pain was found up to 10% in cobalt-chromium and up to 11% in titanium stems [29, 40] . Third, cortical hypertrophy occurred only in three hips without previous femoral surgical intervention. This is considerably lower than the incidence of 29-83% of cortical hypertrophy in other studies [33, 40] . The low incidence of cortical hypertrophy suggests that the stresses are transferred from the implant to the bone more proximally, eliminating high stress transfer in the diaphysis. This may be due to the metaphyseal geometry of the implant which also included horizontal steps which were designed to convert hip stresses to compressive stresses and conWrms previous Wnite element analysis predictions [37] .
In summary, uncemented intraoperatively machined Xuted titanium canal-Wlling femoral components achieve reliable Wxation. PE bearing wear and the need for bearing exchange was the only limitation of these constructs. Reduced wear with hard bearings or improved polyethylene bearings should be expected to further improve the results of total hip arthroplasty using these types of implants.
